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 Throughout life, rats emit ultrasonic vocalizations (USV) when confronted with an aversive situation.
. However, the conditions classically used to elicit USV vary greatly with the animal’s age (isolation
. from the dam in infancy, versus nociceptive stimulation in adults). The present study is the first to
. characterize USV responses to the same aversive event throughout development. Specifically, infant,
. juvenile and adult rats were presented with mild foot-shocks and their USV frequency, duration,
and relationship with respiration and behavior were compared. In juvenile and adult rats, a single
. class of USV is observed with an age-dependent main frequency and duration (30 kHz/400 ms in
. juveniles, 22 kHz/900 ms in adults). In contrast, infant rat USV were split into two classes with specific
. relationships with respiration and behavior: 40 kHz/300 ms and 66 kHz/21 ms. Next, we questioned
. ifthese infant USV were also emitted in a more naturalistic context by exposing pups to interactions
© with the mother treating them roughly. This treatment enhanced 40-kHz USV while leaving 66-kHz
. USV unchanged suggesting that the use of USV goes far beyond a signal studied in terms of amount of
emission, and can inform us about some aspects of the infant’s affective state.

. Rats and other rodents have developed communication in the ultrasonic range of sound frequencies. Adult rats
emit two types of ultrasonic vocalizations (USV) that can be discriminated by their frequencies and durations.
Long “22-kHz” vocalizations (18-32 kHz) are observed in aversive situations such as male-male aggression and

. social defeat!?, exposure to predator® or inescapable painful stimuli*. They are thought to reflect a negative affec-

tive state of the animal®. In contrast, rats emit short “50-kHz” vocalizations (35-72kHz) in positive situations as
induced by social play>®, during sexual interactions’ or during gentle tactile stimulation®. 50-kHz vocalizations
are thus considered as an index of a positive affect®.

Ultrasonic vocalizations are also emitted by rat pups from the day after birth to the time of weaning
(reviewed in'!). Classically described infant USV occur in the 40-70-kHz range, and are commonly referred to
as “40-kHz” USV. They have been thoroughly investigated within the context of isolation from the mother and

- nest. Indeed, separation of a single pup from its littermates and dam in a novel test chamber (isolation) elicits

- high rates of USV in rat pups. Isolation is by far the most frequently used and potent paradigm to induce USV in

: experimental studies and infant isolation USV have been shown to elicit maternal retrieval responses'? suggesting

© that rat pups USV may function as calling signals'>!*.

: Because the peak energy frequency of USV emitted by pups is approximately 40 kHz, many authors have used

: bat detectors tuned to 40-50 kHz or bandpass filters centered around these frequencies®'*~?. However using the

: broadband output signal, Brudzynski et al.*® reported that 10- to 17-day-old rat pups were able to emit vocaliza-

© tions with peak frequency ranging from 5kHz to 130 kHz. Thus, pups are emitting USV in broad ranges, suggest-

. ing a greater complexity of call signals than previously considered.

' The approach to understanding USV production in infancy and adulthood has focused on age relevant stimuli

: presentations within an ethologically relevant context. While this approach is valuable and has provided enor-

. mous understanding of ethologically relevant contexts for USV production, it also hinders developmental com-

. parison of the USV. Here we take a two-pronged approach to further our understanding of USV. First, we used
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Figure 1. USV as a function of age. (A) At all ages, animals emit significantly more USV when shocks were
delivered during the session than in the absence of shocks (Two factors ANOVA, Shock [F(1,43) =9.88,
p=0.003], age [F(2,43) =10.99, p < 0.001], Shock x Age interaction |F(2,43) =4.07, p = 0.024]; Post-hoc
comparison Shock vs NoShock: Infants t(14) =2.39, p=0.032; Juveniles t(13) = 1.92, p=0.077; Adults

t(16) =4.00, p=0.001; Infant vs juvenile: t(29) =2.64, p=0.013, vs adult: t(32) =2.75, p=0.010, Adult vs
Juvenile: t < 1). *p < 0.05, *p < 0.10. (B) Examples of individual sonograms of USV at all ages. (C) The frequency
and duration of each USV are measured in infants, juveniles and adults and a 2-dimensional Probability of
Density Function (PDF) is calculated over all the USV of the age group. The intensity of the color represents the
relative amount of USV with the corresponding frequency and duration. (D) PDF (£ SEM) of USV frequency:
in adult animals, USV frequency peaked at 22.6 + 0.3 kHz (mean £ SEM), in juvenile rats, at 29.7 £ 0.5 kHz

and in infants, the lower frequency USV peaked at 40.5 £ 0.6 kHz while the higher frequency USV peaked at
66.4 £ 1.2kHz. (E) PDF (£ SEM) of USV duration: in adult animals, USV lasted 900 £ 100 ms, in juvenile rats,
450440 ms and in infants, the lower frequency USV lasted 140 & 10 ms, while the higher frequency USV had
very short durations (21 £2 ms).

the same aversive stimulus (foot-shock) across development and compared USV in response to this stimulus at
three different ages: infant, juvenile and adult. This allowed us to describe the existence of two classes of USV in
infant rats: one corresponding to the infant USV classically described in the literature and showing similarities
with adult and juvenile USV, and a novel class, poorly characterized so far, which appears to be specific to infancy.
Second, we used a naturalistic and relevant adverse context in infant rats by exposing pups to a mother show-
ing rough maternal behaviors used as a model of maltreatment of infants, with limited nursing®’-*°. We assessed
whether the two classes of USV observed in the context of foot-shock delivery were also induced by this natural-
istic aversive context.

Results

USV in response to the same aversive event vary greatly throughout ontogeny. To compare
USV emission throughout ontogeny, we exposed infant from postnatal (PN) day 12-15, juvenile (PN22-24) and
adult (over PN75) rats to the same aversive stimulus (0.4-mA, 1-s foot-shock). Rats were isolated in an exper-
imental cage kept at age-dependent thermo-neutral temperature and submitted to 5 foot-shocks throughout a
30-min session. Control animals were isolated in the experimental cage but did not receive any shock. The data
showed that foot-shock delivery enhanced the amount of USV emitted at all ages compared to control unshocked
animals (see Figure 1A).
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USV varied greatly in frequency and duration during ontogeny in response to the same foot-shock parame-
ters. Specifically, visual inspection first revealed that in adult and juvenile rats, a single type of USV is observed,
while there were two classes of USV observed in infants (see examples on Fig. 1B). The representation of the USV
frequency function of the duration detected age-specific differences across development, with juvenile and adult
USV occurring as a single cluster on this distribution, while infant USV were shorter and split into two clusters
(Fig. 1C). Further analysis of frequency and duration revealed that in adult animals, USV frequency peaked
between 20 and 25kHz (mean & SEM: 22.6 + 0.3kHz) (Fig. 1D) and their duration was widely spread between
400 and 2000 ms (900 & 100 ms) (Fig. 1E). In juvenile rats, the USV occurred at a slightly higher frequency,
peaking at about 30 kHz (29.7 £ 0.5kHz) and were of a shorter duration, between 250 to 750 ms (450 =40 ms).
In infants, the lower frequency USV peaked between 35 and 45kHz (40.5 £ 0.6 kHz) and lasted for about 200 ms
(140 & 10 ms), while the higher frequency USV peaked between 60 and 80 kHz (66.4 + 1.2kHz) and had very
short durations (21 &2 ms). These two kinds of infant USV can either co-occur or be emitted separately (see
Figure S1) and will be referred to as “40-kHz” and “66-kHz” USV respectively.

40-kHz and 66-kHz Infant USV exhibit different relationships with respiration. In adult rats
22-kHz USV are typically observed when the rat is freezing. In addition, they are emitted almost exclusively
during expiration and affect its length and shape®'-**. Here, we examined the relationship between USV calls,
behavior and respiration at the different ages.

We first assessed which behaviors occurred during USV emission at the three ages. In the context of shock
delivery, the animals’ behavioral repertoire was mainly limited to either freezing or moving. Therefore, we quan-
tified the percentage of USV emitted during movement vs. freezing for each developmental age. In adults and
juveniles, most of the USV were emitted during freezing (Fig. 2A). In contrast, infant USV were preferentially (for
40-kHz USV) or almost exclusively (for 66-kHz USV) emitted during movement.

We then assessed the impact of USV emission on the animals’ respiratory rate. Our data in adults confirmed
previous results®** showing that the emission of USV strongly alters the respiratory signal primarily through a
lengthening of expiration (Fig. 2B). Here we show that it is also the case for juvenile 30-kHz and infant 40-kHz
USV emission. In contrast, the emission of 66-kHz infant USV does not alter the respiratory signal. Further
comparison of the USV and expiration durations at the different ages highlighted that, while infant 40-kHz
USV lasted for the whole expiratory cycle duration, as seen in adults and juveniles, 66-kHz USV were shorter
in duration than expiration (correlation shown in Fig. 2C). As a result, in adult and juvenile rats, for which USV
are essentially observed during freezing, the emission of USV induces a lowering of respiratory rate below that
observed during silent freezing (Fig. 2D). In infants, for which USV are essentially observed during movement,
the emission of 40-kHz USV induces a lowering of respiratory rate below that observed during movement while
the emission of 66-kHz did not alter the ongoing respiratory rate.

In summary, USV in response to the same aversive event (foot-shock delivery) exhibit clear-cut differences
between infants, juveniles and adults (summary in Supplementary Table 1). Importantly, this experiment revealed
that infant USV can be divided in two categories: 40-kHz USV which present similarities with juvenile and adult
USV, and 66-kHz USV which seem more distinct. Because infant 66-kHz USV in response to mild foot-shocks
had not been described in the literature so far, we assessed whether they are also observed in a more naturalistic
aversive context.

40-kHz and 66-kHz Infant USV are differentially modulated by rough maternal interactions.
The dam is the most prominent stimulus that an infant rat encounters in its first days of life and the quality of
maternal care likely modifies the emotional state of the infant and affects pups’ USV call rate!!. To induce natural-
istic noxious stimulation of pups, we used an experimental procedure previously documented to produce mater-
nal rough handling of pups. Rat pups were exposed to their mother one at a time in an unfamiliar bedding-free
plexiglass cage. In this context, the mother spent most of her time exploring the cage, occasionally stepping on
the pup, rarely nursing it, and frequently roughly transporting it>”?® (Fig. 3A). USV emitted by the pup in these
experimental conditions were quantified during three 5-min periods corresponding to isolation from the dam
(Isolation), introduction of the active dam (Maternal presence) and removal of the dam (Maternal withdrawal),
and compared to USV recorded in control animals for which no dam was introduced. The data showed that in
the two groups, both 40- and 66-kHz USV are emitted by infant rats upon isolation from the dam and the nest.
Introduction of the dam in the cage (only in experimental pups) significantly enhanced infant 40-kHz USV
rate which remained high after maternal withdrawal, while in control pups 40-kHz USV rate tended to decline
throughout the session (Fig. 3B). In contrast, introduction of the dam did not enhance 66-kHz USV rate although
it prevented the decrease observed in the control group (Fig. 3B). Further analysis was done on pup vocalizations
during maternal transport of pups (n = 3). Our naturalistic manipulations produced atypical maternal transport
behavior and pups were carried either by the limbs or the belly skin, rather than the typical nape of the neck. This
replicates models of abusive maternal caregiving which, if repeated, produces atypical neurobehavioral develop-
ment and pathology”’-*. Our analysis suggests that this atypical maternal transport was the most robust parame-
ter to enhance 40-kHz USV emission compared to pups not being transported. This rough transport did not affect
66-kHz USV emission (Fig. 3C, examples on Fig. 4). While this effect is statistically significant [F(2,4) =13.34,
p=0.017], due to the small number of transported pups, this will need to be confirmed in future experiments.

Discussion
When placed in an aversive situation, rats emit USV. While adult rats emit long 22-kHz in situations such as
male-male aggression and social defeat?, exposure to predator® or inescapable painful stimuli?, rat pups emit
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Figure 2. Link between respiration, behavior and USV. (A) Percentage of USV emitted when the rat is freezing
versus moving at the different ages of development. Adult and juvenile rats emit USV mainly during freezing
while infants mostly move when vocalizing [ANOVA, Age effect: F(3,22) =121.10, p < 0.001]. *p < 0.05.

(B) Individual examples of typical respiratory signals (top panels) observed during ultrasonic vocalizations
(bottom panels). Inspiratory and expiratory phases are depicted in white and grey respectively. For adults,
juveniles and infants 40-kHz USV, the USV lasts as long as the expiratory phase of the respiratory cycle. The
infants’ 66-kHz USV calls, however, are shorter than the expiratory phase. (C) Correlation between USV
duration and expiration duration at the different ages. For adult, juvenile and infant 40-kHz USV, USV duration
is correlated with expiration duration (Adult: r = 0.80, n =3945; Juvenile: r = 0.49, n = 1927; Infant 40-kHz
USV: r=0.55, n =5479), while this is not the case for infant 66-kHz USV (r=0.04, n=3270). (D) PDF (i.e.
distribution; - SEM) of the respiratory frequency during silent freezing (black curve) and movement (grey
curve), and during USV emission (colored curve). The respiratory frequency is decreased during USV emission
for adult, juvenile and 40-kHz infantile USV compared to that observed during the associated behavior
(freezing for adults and juveniles and moving for infants). In contrast, the respiratory frequency of infant rats is
not affected by the emission of 66-kHz USV.

vocalizations in the broadly defined 40-70-kHz range when isolated from the mother and nest*-''. The pres-
ent study is the first to provide an in-depth characterization of USV in response to the same aversive event
(foot-shock delivery) throughout development. The data show that in juvenile and adult rats, a single class of USV
is observed in response to shock as characterized by an age-dependent main frequency and duration (30 kHz/400
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Figure 3. USV emitted in naturalistic aversive situation. (A) When the dam is introduced in an unfamiliar cage
containing the pup, it spends more time away from the pup and shows minimal nursing behavior. When nursing
occurred, it was brief and typically ended with the dam walking away dragging the pup attached to the nipple. In
addition, the dam was observed in atypical transport of the pup (up to 50% of the time for pup R2), a behavior

that can be painful for the pup (individual points and mean & SEM). (B) Interaction with the dam (Maternal
presence) enhanced 40-kHz USV rate compared to isolation levels [two factors ANOVA; independent factor Group:
F(1,10)=5.10, p=0.048; repeated factor Period: F(3,20) = 3.20, p=0.062; Group x Period: F(2,20) =5.62; p=0.012;
Experimental group, n=6: F(2,10) =4.48, p=0.041; Control group, n=6: F(2,10) =3.82, p=0.059] and prevented
the decrease in 66-kHz USV rate observed in the control group throughout the session [Group: F < 1; Period:
F(2,20)=3.10, p=0.067; Group x Period: F(2,20) =2.71, p=0.091; Experimental group: F < 1; Control group:
F(2,10)=5.62, p=0.023]. *p < 0.05 for the ANOVA; *p < 0.1 for the ANOVA. *p < 0.05 post-hoc analysis compared
to Isolation period. (C) Transportation of the pups, when occurring, enhanced the 40-kHz USV rate compared to
when the dam was not interacting with the pup [F(2,4) =13.34, p=0.017], but it did not affect the amount of
66-kHz USV emitted [F(2,4) = 1.29, p=0.369]. *p < 0.05 post-hoc analysis.
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ms in juveniles and 22 kHz/900 ms in adults). In contrast, infant rats’ USV were split in two classes characterized
by distinct frequency and duration: 40 kHz/140 ms and 66 kHz/21 ms respectively. The two types of infant USV
were also observed in a more naturalistic, aversive situation as assessed by exposure to rough maternal interac-
tions. Importantly, in both experimental and naturalistic aversive contexts, the two types of USV present consist-
ent differences, although the assessment of USV's in the presence of rough interaction with the mother highlights
the diversity of USV expression within a social context. The novelty of the present study is thus to highlight the
existence of heterogeneity within the classically broadly defined 40-70-kHz infant USV category, with the identi-
fication of two distinct types: 40-kHz versus 66-kHz USV with specific properties and its modulation within the
social context of the mother-infant dyad.

Using the same aversive event across development to induce USV allowed us to compare USV characteris-
tics. We describe a progressive decrease in shock-induced USV frequency from 40-kHz in infancy to 30-kHz in
juveniles to 22-kHz in adults. This could be linked to the developmental increase in the size and length of the
larynx and the vocal tract. Indeed, Riede®* showed that the geometry of the glottis explains most of the frequency
modulations observed in adults. Moreover, Blumberg et al.>> demonstrated that there is a highly significant linear
relationship (r*=0.9) between body weight and the frequency of the 40-kHz USV emitted by infant rats between
the ages of PN2 and PN20. In adult rats, 22-kHz USV are classically reported in response to aversive events
(predator encounter, agonistic interaction, noxious stimuli'**) and are considered part of the animal’s defensive
repertoire®®. The present data suggest that juvenile 30-kHz and infant 40-kHz USV may serve the same function.

For 22-kHz USV, we showed that in juveniles and adults, USV are predominantly produced during freezing,
which is consistent with the literature. Indeed, in adult rats, previous studies have shown that while immobility
may occur without 22-kHz USV, such USV generally do not occur without immobility*”-*’. It is well documented
that USVs at this frequency are vibrations caused when expired air is forced through constricted vocal folds. It
is likely that the constricted vocal folds may be facilitated during freezing. Furthermore, Walker and Carrive
suggested that USV emission also needs thorax immobilization, itself a component of the freezing posture whose
role is to stabilize both the lower and upper parts of the trunk. However, some examples of 22-kHz USV dur-
ing locomotion have been described in the literature*’ and were also observed in this study. The present study
confirms that the production of USV is likely optimal during freezing but can also occur during walking in both
adults and juvenile rats. Interestingly, in adults, 50-kHz USV are typically produced during locomotion since they
occur during social interactions such as rough-and-tumble play in juveniles®*! and mating in adults*>**, and have
also been described during feeding and moving'®*, as well as during agonistic interactions>*.

In sharp contrast to juvenile and adult 22-kHz USV, most infant USV are preferentially observed during
movement: 66-kHz USV were emitted almost exclusively during movement, while 40-kHz USV might be seen
during immobility but to a lesser extent than during movement. This is in agreement with the literature. Indeed,
Wohr and Schwarting*® showed that infant ultrasonic calling was highly correlated with locomotor activity, espe-
cially in the case of pivoting behavior (360° rotations of the body). Haack et al.*” suggested that the circular
pivoting locomotion of isolated rodent pups provides a means of projecting the ultrasonic “beam” over a wide
directional range.

The production of rat ultrasonic calls is an active and dynamic process. Both ultrasounds and audible cries are
normally produced at the onset of expiration®. Coordinated brainstem mechanisms are involved in the prepara-
tion of the respiratory system and larynx. Rats first make an inspiration, the larynx is stabilized, and then vocal
folds are tightly opposed leaving only a small opening through which forced expiration produces a whistle-like
call’*4%% This forced expiratory effort involves sharp contraction of the abdominal musculature and of the spinal
extensor muscles!!. From this it ensues a clear dependence of USV production on breathing. Previous studies
have indeed shown that in adult rats, there is a strong correlation between expiration duration and USV duration
for 22-kHz USV3132%, Here we compared the relationship between USV calls and respiratory cycles at the differ-
ent ages of development. We showed that 40-kHz infant USV, similarly to 30-kHz juvenile and 22-kHz adult USV,
last more than 100 ms and match the duration of expiration, impacting respiratory rate. In contrast, the 66-kHz
infant USV are much shorter than 100 ms and occur within small portions of the expiratory phase, with no
impact on respiratory frequency. Such observation can be paralleled with a report by Sirotin et al.>! showing that
adult rats’ 50-kHz USV production is largely restricted to periods of active sniffing and produces only a modest
drop in sniff rate.

With respect to infant USV, the two types of infant USV are not solely induced in response to shock delivery
and were also shown to occur when pups received rough treatment from the mother. Specifically, both 66-kHz
and 40-kHz infant USV were observed during isolation from the dam, during controlled shock delivery, as well
as during interactions with the mother when pups were handled roughly. These data confirm the abundant litera-
ture on isolation-induced USV in infant rats'®?%?2264¢ and suggest both USV types reflect the pup’s distress'®246,
However, here we extend these results to indicate that these two types of USV also present differences. First, they
have specific relationships with respiration, with 40-kHz emission inducing a lengthening of expiration and, as
a consequence, a slowing of respiratory rate, while 66-kHz emission does not affect respiration. In that sense
40-kHz USV behave more like 30-kHz juvenile and 22-kHz adult USV31-33, Second, the two types of infant USV
are differentially modulated by rough interactions with the mother. Indeed, while 66-kHz USV are unchanged,
40-kHz USV are enhanced by noxious interaction with the mother?”?*>2, Preliminary observations carried out
on a small number of pups suggest that rough handling transport, which is a source of painful stimulation for
the pup?”?*>2, is the most efficient stimulus for enhancing 40-kHz USV. The ability of the mother to modify pups’
neurobehavioral response to shock and pain-associated maternal behaviors has previously been documented,
such as the cortex, paraventricular nucleus and amygdala as measured by autoradiography, Fos and local field
potentials®*-%7.

In this study, gross visual inspection of the infant USV calls recorded in response to shocks suggested that
their acoustic structure is most of the time poorly frequency-modulated, thus leading to two categories instead
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Figure 4. Examples of infant USV emitted in naturalistic situations. (A) The different behavioral states of the
pup. B. Examples of USV recorded during each behavioral state. Top panels represent the raw USV signals and
bottom panels the associated spectrograms (frequency in kHz as a function of time). The light horizontal grey
line on the spectrogram represents the separation between 40-kHz (green) and 66-kHz USV (purple). Rough
transport of the pup by the dam (transport by a limb or the belly skin) enhances the emission of 40-kHz USV.

of the ten reported by Brudzynski et al.?® using manual categorization. This could be due to our focus on aversive
stimuli used in the present studies, compared to Brudzynski et al. isolation context. Interestingly, a greater num-
ber of frequency modulated infant USV were detected during the interaction with the mother, as is illustrated in
Fig. 4 in the Transported condition. However, the limited number of litters used for the naturalistic experiment
precludes USV categorization.

It is possible that infant 66-kHz USV had been poorly characterized in the literature because pre-tuned bat
detectors or microphones with band-pass filters were used, which limited the recording of 66-kHz USVs®!>-25,
However, some studies have described USV in infant rats that resemble the 66-kHz USV described here®?!:26:58:5,
For instance Kim and Bao® described 40 and 60 kHz USV elicited by isolation in 15-day-old rat pups. Noirot®!
previously described two types of infant rat USV mainly based on their duration: clicks (produced by very short
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pulses, transients or sweeps) and whistles (produced by pulses staying in tune at an almost constant frequency
for more than 5 ms). Moreover, Brudzynski et al.?® reported that 10- to 17-day-old rat pups were capable of emit-
ting sounds as high as 130kHz. Harmon et al.’® were the first to specifically describe infant USV with average
frequency and duration similar to the 66-kHz USV described here. Interestingly, Ise and Ohta?! assessed the
impact of environmental stimuli or pharmacological treatment on the infant USV frequency distribution. They
showed that the USV frequency distribution presented two distinct peaks at 30 kHz and 50 kHz, and that the
high-frequency component was sensitive to stress induced by low ambient temperature, as well as activation of the
CRF and GABAergic systems. Another study by Blazevic et al.* also reported the existence of a bimodal distribu-
tion of the USV frequencies in infancy and showed that 40-kHz and 66-kHz USV can be differentially modulated
by pharmacological interventions, monoamine oxidase inhibition in their case. Interestingly, although mouse and
rat USV characteristics are very different, bimodal distribution of isolation USV has also been reported in mouse
pups®>®® suggesting some similarities between these two species’ vocalizations at young ages.

Based on the present data and the observation of Blazevic et al.*®, we suggest that infant 66-kHz USV repre-
sent a distinct class of infant USV and propose that they might be an infantile version of the adult 50-kHz USV.
Indeed, infant 66-kHz and adult 50-kHz USV exhibit a similar relationship with the animal’s behavior (they are
both emitted when the animal is moving®##4464) and respiration (they have little or no impact on the respiratory
rate’!). Although more frequently associated with positive experience®®, 50-kHz USV have also been described in
mildly aversive situations>®. Taylor et al.%° suggest that a specific sub-class of adult 50-kHz USV could be associ-
ated with a mild aversive state while 22-kHz USV would reflect a more pronounced negative emotional response.
Here, we showed that exposing pups to rough maternal interactions enhances 40-kHz USV rate while leaving
66-kHz USV unchanged, which supports the hypothesis that, 50-kHz and 22-kHz USV in adults, and 66-kHz and
40-kHz USV in infants may reflect increasing levels of negative affective state.

Beside its undisputed interest for understanding intraspecies communication'?-#%, rodent USV investigation
has proven to provide a powerful tool to assess affect, motivation, and social behavior in animal models of pathol-
ogies®”8. Analysis of the quality rather than quantity of USV in mice pups has increased over the past few years
and brought useful information potentially relevant to neurodevelopmental disorders®-7>. A similar analysis of
infant rat USV may provide researchers with a new tool to understand communication deficits in animal models.
Performing an in depth analysis of USV characteristics, we were able to confirm the existence of two qualitatively
different types of USV in infant rats, suggesting that the use of USV goes far beyond a signal studied in terms of
amount of emission, and the ratio of the USV frequencies can inform us on the affective state of the infant. The
recording of these two types of infant USV can thus be used as a novel tool by those interested in communication
deficits and affective alterations in animal models of neurodevelopmental disorders’*. Moreover, when distressed
or separated, human babies, like infant rodents, produce extensive vocalizations, including crying. Although any
comparison between species needs to be conducted with extreme caution, and cries of human infants and rat
pups are produced by very different physiological mechanisms, the translational assessment of infant vocaliza-
tions may contribute to a better understanding of the effects of variations in the perinatal environment on infant
neurobehavioral development (for a review, see’®).

Material and Methods

Animals. The subjects were 61 male and female Long Evans rats born and bred at the Lyon Neuroscience
Research Center (originally from Janvier Labs, France). Some of the respiratory recordings have been used in a
previous study’®. For pups, only one female and one male pup per litter per treatment/test condition were used
for all experiments. Day of birth was considered PNO. Three groups of ages were used: post-natal day 12 to 15
(PN12-15, Infants), PN22-24 (Juveniles) and older than PN75 (Adults). Infant and juvenile animals were main-
tained with their litters up to the end of the experiments while adults were housed by pairs. All animals were
housed at 23 °C and maintained under a 12 h light-dark cycle (lights on from 6:00 am to 6:00 pm). Food and water
were available ad libitum and an abundance of wood shavings was supplied for nest building. All animals were
maintained at age-dependent thermo-neutral temperatures during experiments. All experiments were conducted
in strict accordance with the European Community Council Directive of September 22, 2010 (2010/63/UE) and
the French National Committee (87/848) for care and use of laboratory animals, and were carried out under the
approval of the Direction of Veterinary Service (#69000692). Care was taken at all stages to minimize stress and
discomfort to the animals.

Foot-Shock experiment. Six experimental groups were defined: Infant Shock group (n=7), Infant
No-Shock group (n=9), Juvenile Shock group (n=7), Juvenile No-Shock group (n=38), Adult Shock group
(n=38), Adult No Shock group (n=10). Only the individuals emitting more than 50 USV in the shock groups
were kept for further analyses of the USV characteristics (infants n =7, juveniles n =7 and adults n=38).

Experimental setup. The apparatus consisted of a whole body customized plethysmograph cage (diame-
ter 20 cm, Emka Technologies, France) for recording respiratory signal (see® for further description of the ple-
thysmograph). The bottom was equipped with a shock floor connected to a programmable Coulbourn shocker
(Bilaney Consultants GmbH, Diisseldorf, Germany). The USV emitted by the rats were recorded by a condenser
ultra-sound microphone (Avisoft-Bioacoustics CM16/CMPA, Berlin, Germany) inserted in the tower on the top
of the plethysmograph cage. The height of the plethysmograph was adapted to the age of the animal in order to
optimize the signal-noise ratio, leading to a height varying from 16.5 cm for infants to 30 cm for the adults. The
plethysmograph was placed in a sound-attenuating cage (L 70 cm, W 60 cm, H 70 cm). The behavior was mon-
itored using four video cameras placed at each corner of the sound-attenuating cage (B/W CMOS PINHOLE
camera, Velleman, Belgium).
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Training paradigm.  Adult rats were handled and familiarized to the conditioning chamber for 20 min dur-
ing the 4 days preceding the beginning of the experiment. Juveniles received only one day of handling and habit-
uation while infants, for which conditioning to context is not yet developed’’, were not handled in order to
minimize distress from maternal separation.

The aversive event applied at all ages consisted of a 1-s mild (0.4 mA) foot-shock delivered through the grid
floor. During the first 10 min of the conditioning session, animals were allowed an adaptation period of free
exploration. This was followed by 5 foot-shocks delivered with a 4-min inter-shock interval. Vocalizations, res-
piration and behavior were continuously monitored throughout the session. The animals were returned to their
home cage after the session.

Data acquisition and pre-processing. The respiratory signal collected from the plethysmograph was
amplified and sent to an acquisition card (MC-1608FS, Measurement Computing, USA; Sampling rate = 1000 Hz)
for storage and offline analysis. Using whole body plethysmograph setup, natural breathing signal appears as
a periodic phenomenon showing alternating negative (inspiration) and positive (expiration) deflections. The
detection of respiratory cycles was achieved using an algorithm described in a previous study’®. This algorithm
performs two main operations: signal smoothing for noise reduction, and detection of crossing zero points in
order to define accurately the inspiration and expiration phase starting points. Artifacts were eliminated by deter-
mining a cut-off value for signal duration (see* for further description). Momentary respiratory frequency was
determined as the inverse of the respiratory cycle (inspiration plus expiration) duration.

The video signal collected through the four video cameras was acquired with homemade acquisition software
using the Matrox Imaging Library and a Matrox acquisition card (Morphis QxT 16VD/M4, Matrox video, UK).
The animal’s freezing behavior was automatically detected using a LabView homemade software that had been
validated by comparison to hand scoring by an experimenter blind to the rats’ condition. Automatically detected
freezing episodes were then manually controlled to exclude quiet immobility. Scoring of the freezing at the dif-
ferent ages followed the methods defined by Takahashi, taking into account the immaturity of infants’ musculo-
skeletal system. In adults and juveniles freezing was scored whenever the rat exhibited an immobile posture with
the back arched and the ventrum above the floor (crouched posture®). In infants, the immaturity of the muscu-
loskeletal system impedes such a tonic posture. Therefore, infants were scored as freezing when they adopted an
immobile posture with the head in a stationary, non-tilted position. At all ages, movement was scored each time
the rat was not immobile/freezing. No distinction was made between stationary movement and locomotion.

The ultrasound microphone was connected to a recording interface (UltraSoundGate 116Hb,
Avisoft-Bioacoustics) with the following settings: sampling rate = 214285 Hz; format = 16 bit*. Recordings were
transferred to Avisoft SASLab Pro (version 4.2, Avisoft-Bioacoustics, Berlin, Germany) and a fast Fourier transform
(FFT) was conducted. Spectrograms were generated with an FFT-length of 512 points and a time window overlap
of 87.5% (100% Frame, FlatTop window). These parameters produced a spectrogram at a frequency resolution of
419 Hz and a time resolution of 0.29 ms. The acoustic signal detection was provided by an automatic whistle tracking
algorithm with a threshold of —20dB, a minimum duration of 5 ms and a hold time (minimum silence duration to
determine that a call has ended) of 5 ms, to allow detection of the smallest calls. Because these minimum duration
and hold times are very permissive, the accuracy of detection was verified call by call by an experienced user. USV
analyses were restricted to the rats emitting more than 50 USV throughout the session to allow minimum biases in
the distribution analyses. In our study, rats emitted composite calls at all ages. These calls presented a spectrographic
appearance of separate calls and were produced during the same expiratory phase®!. In the present study, vocal out-
puts detected on the spectrogram that were within 30 ms of an adjacent call were categorized as composite calls>'.
Using this categorization, we found that the following proportions of USV calls could be categorized as composite
calls: Infants 17 4-1.3% (mean 4 S.E.M.); Juveniles 4.8 + 1.6%; Adults 4.5 + 1.1%. Composite calls were counted as
one call when the number of USV's were analyzed and were not considered when call duration was analyzed.

The pre-processed data (respiration, USV, behavior) were then entered in a database®” and synchronized via a
TTL synchronization signal generated at the beginning of each experimental session. The different data stored in
the database could be visualized simultaneously and were analyzed using scripts in Python.

Data analysis. Shock induced USV. The number of USV recorded when the rats received shocks was
expressed per minute and compared between groups (Foot-shock vs. No Foot-shock) and age (Infants, Juveniles,
Adults) using a two-way ANOVA with independent factors, followed by post-hoc comparisons when allowed by
the ANOVA results. Significance was set at p < 0.05.

USV Characteristics.  For the 1-dimension Probability of Density Function (PDF) analyses, the frequency and
duration of the vocalizations were analyzed by defining their PDF for each animal using a bin of 2 kHz for the
frequency and 0.1 s for the duration. The PDFs were then averaged within conditions and the standard error deter-
mined for each point. For the 2-dimension PDF, the USV of all individuals of the same age were pooled for analysis.

USV versus Behavior. The behavioral data corresponding to each USV call were extracted and their category
(Freezing or Movement) examined. This allowed us to determine in which behavioral state the USV occurred
preferentially. Differences were tested using Student t-tests.

USV versus Respiration. 'The respiratory signal corresponding to each USV call was extracted and analyzed.
Specifically, the duration of expiration phase during each call was examined and correlated to the duration of the
call. The PDF of the respiratory rate was analyzed while the animal was silently freezing and moving, or vocalizing
using the same analysis protocol used for USV characterization.

SCIENTIFICREPORTS |7: 13483 | DOI:10.1038/s41598-017-13518-6 9



www.nature.com/scientificreports/

Maternal Interaction experiment. Testing paradigm. On the testing day, pups were brought to the
experimental room (warmed at 28-30°C) in their home cage with their littermates, the dam being taken to
another cage before transport to avoid any stress transmission to the pups. Testing started with the experimen-
tal pup being gently put into a clean Plexiglas empty cage (40 x 25 x 18 cm). The pup was left alone for 5min
(Isolation period) after which the mother was introduced for 5min (Maternal presence period). Introducing
the dam into an empty unfamiliar cage has been shown to induce maltreatment in rats®”?%. The mother was
then removed and the pup remained alone for an additional 5-min period (Maternal withdrawal period). In the
control group, no dam was introduced during the Presence period, thus leading to 3 consecutive 5-min isolation
periods. The USV emitted by the pups throughout the session were recorded by a condenser ultra-sound micro-
phone (Frequency range: 10 kHz-200 kHz, Avisoft-Bioacoustics CM16/CMPA, Berlin, Germany) positioned
30 cm above the experimental cage.

USV analysis. The USV were analyzed as described above. The USV emitted by the pups throughout the
session were classified in two categories: 40-kHz (0-56 kHz) and 66-kHz (56-100kHz). The number of USV
recorded in both categories during each 5-min period was expressed per minute and compared between groups
and periods using a two-way ANOVA with group as an independent factor and period as a repeated measure,
followed by post-hoc comparisons when allowed by the ANOVA results. Significance was set at p < 0.05.

Behavior analysis. The behavior of the dam-pup dyad was manually scored using BORIS®. “Close” was
defined when the head of the pup was less than 2 cm away from any part of the body (except tail) of the mother,
and “away” when the head of the pup was more than 2 cm away from the mother. “Nipple-attached” was defined
when the pup was in a nursing position under the dam.

References
1. Sales, G. D. Ultrasound and aggressive behaviour in rats and other small mammals. Anim. Behav. 20, 88-100 (1972).
2. Vivian, J. A. & Miczek, K. A. Diazepam and gepirone selectively attenuate either 20-32 or 32-64 kHz ultrasonic vocalizations during
aggressive encounters. Psychopharmacology (Berl.) 112, 66-73 (1993).
3. Blanchard, R. ], Blanchard, D. C., Agullana, R. & Weiss, S. M. Twenty-two kHz alarm cries to presentation of a predator, by
laboratory rats living in visible burrow systems. Physiol. Behav. 50, 967-972 (1991).
4. Borta, A., Wohr, M. & Schwarting, R. K. W. Rat ultrasonic vocalization in aversively motivated situations and the role of individual
differences in anxiety-related behavior. Behav. Brain Res. 166, 271-280 (2006).
5. Knutson, B., Burgdorf, J. & Panksepp, J. Ultrasonic vocalizations as indices of affective states in rats. Psychol. Bull. 128, 961-977
(2002).
6. Knutson, B., Burgdorf, J. & Panksepp, J. Anticipation of play elicits high-frequency ultrasonic vocalizations in young rats. J. Comp.
Psychol. 112, 65-73 (1998).
7. White, N. R,, Cagiano, R., Moises, A. U. & Barfield, R. J. Changes in mating vocalizations over the ejaculatory series in rats (Rattus
norvegicus). J. Comp. Psychol. Wash. DC 1983(104), 255-262 (1990).
8. Panksepp, J. & Burgdorf, J. 50-kHz chirping (laughter?) in response to conditioned and unconditioned tickle-induced reward in rats:
effects of social housing and genetic variables. Behav. Brain Res. 115, 25-38 (2000).
9. Noirot, E. Ultrasounds in young rodents. II. Changes with age in albino rats. Anim. Behav. 16, 129-134 (1968).
10. Hofer, M. A., Shair, H. N. & Brunellj, S. A. Ultrasonic Vocalizations in Rat and Mouse Pups. In Current Protocols in Neuroscience
(John Wiley & Sons, Inc., 2001).
11. Hofer, M. A. Multiple regulators of ultrasonic vocalization in the infant rat. Psychoneuroendocrinology 21, 203-217 (1996).
12. Smotherman, W. P, Bell, R. W,, Starzec, J., Elias, J. & Zachman, T. A. Maternal responses to infant vocalizations and olfactory cues
in rats and mice. Behav. Biol. 12, 55-66 (1974).
13. Ehret, G. Infant Rodent Ultrasounds - A Gate to the Understanding of Sound Communication. Behav. Genet. 35, 19-29 (2005).
14. Brudzynski, S. M. Principles of rat communication: quantitative parameters of ultrasonic calls in rats. Behav. Genet. 35, 85-92
(2005).
15. Allin, J. T. & Banks, E. M. Effects of temperature on ultrasound production by infant albino rats. Dev. Psychobiol. 4, 149-156 (1971).
16. Amsel, A., Radek, C. C., Graham, M. & Letz, R. Ultrasound emission in infant rats as an indicant of arousal during appetitive
learning and extinction. Science 197, 786-788 (1977).
17. Blumberg, M. S., Efimova, L. V. & Alberts, J. R. Ultrasonic vocalizations by rat pups: The primary importance of ambient temperature
and the thermal significance of contact comfort. Dev. Psychobiol. 25, 229-250 (1992).
18. Gardner, C. R. Distress vocalization in rat pups a simple screening method for anxiolytic drugs. J. Pharmacol. Methods 14, 181-187
(1985).
19. Hodgson, R. A., Guthrie, D. H. & Varty, G. B. Duration of ultrasonic vocalizations in the isolated rat pup as a behavioral measure:
Sensitivity to anxiolytic and antidepressant drugs. Pharmacol. Biochem. Behav. 88, 341-348 (2008).
20. Hofer, M. A. & Shair, H. Ultrasonic vocalization during social interaction and isolation in 2-week-old rats. Dev. Psychobiol. 11,
495-504 (1978).
21. Ise, S. & Ohta, H. Power spectrum analysis of ultrasonic vocalization elicited by maternal separation in rat pups. Brain Res. 1283,
58-64 (2009).
22. Oswalt, G. L. & Meier, G. W. Olfactory, thermal, and tactual influences on infantile ultrasonic vocalization in rats. Dev. Psychobiol.
8,129-135 (1975).
23. Shair, H. N., Smith, J. A. & Welch, M. G. Cutting the vagus nerve below the diaphragm prevents maternal potentiation of infant rat
vocalization. Dev. Psychobiol. 54, 70-76 (2012).
24. Takahashi, L. K., Turner, J. G. & Kalin, N. H. Development of stress-induced responses in preweanling rats. Dev. Psychobiol. 24,
341-360 (1991).
25. Weber, M., Paxinos, G. & Richardson, R. Conditioned changes in ultrasonic vocalizations to an aversive olfactory stimulus are
lateralized in 6-day-old rats. Dev. Psychobiol. 37, 121-128 (2000).
26. Brudzynski, S. M., Kehoe, P. & Callahan, M. Sonographic structure of isolation-induced ultrasonic calls of rat pups. Dev. Psychobiol.
34,195-204 (1999).
27. Roth, T. L. & Sullivan, R. M. Memory of early maltreatment: Neonatal behavioral and neural correlates of maternal maltreatment
within the context of classical conditioning. Biol. Psychiatry 57, 823-831 (2005).
28. Raineki, C., Moriceau, S. & Sullivan, R. M. Developing a Neurobehavioral Animal Model of Infant Attachment to an Abusive
Caregiver. Biol. Psychiatry 67, 1137-1145 (2010).
29. Doherty, T. S., Blaze, J., Keller, S. M. & Roth, T. L. Phenotypic outcomes in adolescence and adulthood in the scarcity-adversity
model of low nesting resources outside the home cage. Dev. Psychobiol. 59, 703-714 (2017).

SCIENTIFICREPORTS |7: 13483 | DOI:10.1038/s41598-017-13518-6 10



www.nature.com/scientificreports/

30.
31.
32.

33.
34.

35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
. Sanders, L., Weisz, D. ], Yang, B. Y., Fung, K. & Amirali, A. The mechanism of ultrasonic vocalisation in the rat. (2001).
50.
51.
52.
53.
54,

55.
. Moriceau, S. & Sullivan, R. M. Maternal presence serves as a switch between learning fear and attraction in infancy. Nat. Neurosci.

57.
58.
59.
60.

61.
62.

63.
64.

65.
66.
67.
68.
69.
70.
71.

72.

Walker, C.-D. et al. Chronic early life stress induced by limited bedding and nesting (LBN) material in rodents: critical considerations
of methodology, outcomes and translational potential. Stress 0, 1-28 (2017).

Frysztak, R. J. & Neafsey, E. J. The Effect of Medial Frontal Cortex Lesions on Respiration, ‘Freezing, and Ultrasonic Vocalizations
during Conditioned Emotional Responses in Rats. Cereb. Cortex 1,418-425 (1991).

Hegoburu, C. et al. The RUB cage: respiration-ultrasonic vocalizations-behavior acquisition setup for assessing emotional memory
in rats. Front. Behav. Neurosci. 5,25 (2011).

Roberts, L. H. Correlation of respiration and ultrasound production in rodents and bats. J. Zool. 168, 439-449 (1972).

Riede, T. Stereotypic Laryngeal and Respiratory Motor Patterns Generate Different Call Types in Rat Ultrasound Vocalization. J.
Exp. Zool. Part Ecol. Genet. Physiol. 319, 213-224 (2013).

Blumberg, M. S., Sokoloff, G. & Kent, K. J. A developmental analysis of clonidine’s effects on cardiac rate and ultrasound production
in infant rats. Dev. Psychobiol. 36, 186-193 (2000).

Brudzynski, S. M. Pharmacological and behavioral characteristics of 22kHz alarm calls in rats. Neurosci. Biobehav. Rev. 25, 611-617
(2001).

Brudzynski, S. M. & Ociepa, D. Ultrasonic vocalization of laboratory rats in response to handling and touch. Physiol. Behav. 52,
655-660 (1992).

Walker, P. & Carrive, P. Role of ventrolateral periaqueductal gray neurons in the behavioral and cardiovascular responses to
contextual conditioned fear and poststress recovery. Neuroscience 116, 897-912 (2003).

Wahr, M., Borta, A. & Schwarting, R. K. W. Overt behavior and ultrasonic vocalization in a fear conditioning paradigm: A
dose-response study in the rat. Neurobiol. Learn. Mem. 84, 228-240 (2005).

Laplagne, D. A. & Elias Costa, M. Rats Synchronize Locomotion with Ultrasonic Vocalizations at the Subsecond Time Scale. Front.
Behav. Neurosci. 10 (2016).

Webber, E. S. et al. Selective breeding for 50 kHz ultrasonic vocalization emission produces alterations in the ontogeny and
regulation of rough-and-tumble play. Behav. Brain Res. 229, 138-144 (2012).

Sales (née Sewell), G. D. Ultrasound and mating behaviour in rodents with some observations on other behavioural situations. J.
Zool. 168, 149-164 (1972).

Barfield, R. J., Auerbach, P, Geyer, L. A. & Mcintosh, T. K. Ultrasonic Vocalizations in Rat Sexual Behavior. Am. Zool. 19, 469-480
(1979).

Takahashi, N., Kashino, M. & Hironaka, N. Structure of Rat Ultrasonic Vocalizations and Its Relevance to Behavior. PLoS ONE 5,
e14115 (2010).

Schouten, W. G. P. Development of ultrasonic vocalization in the rat (Rattus norvegicus). Proc. Int. Congr. Appl. Ethol. Farm Anim.
384-391 (1988).

Wohr, M. & Schwarting, R. K. W. Maternal care, isolation-induced infant ultrasonic calling, and their relations to adult anxiety-
related behavior in the rat. Behav. Neurosci. 122, 310-330 (2008).

Haack, B., Markl, H. & Ehret, G. Sound communication between parents and offspring. In The Auditory Psychobiology of the Mouse
(ed. Willcott, J.) 57-97 (CC Thomas, 1983).

Roberts, L. H. Evidence for the laryngeal source of ultrasonic and audible cries of rodents. J. Zool. 175, 243-257 (1975).

Assini, R., Sirotin, Y. B. & Laplagne, D. A. Rapid triggering of vocalizations following social interactions. Curr. Biol. 23, R996-R997
(2013).

Sirotin, Y. B., Costa, M. E. & Laplagne, D. A. Rodent ultrasonic vocalizations are bound to active sniffing behavior. Front. Behav.
Neurosci. 8, (2014).

White, N. R., Adox, R., Reddy, A. & Barfield, R. J. Regulation of rat maternal behavior by broadband pup vocalizations. Behav. Neural
Biol. 58, 131-137 (1992).

Sullivan, R. M., Landers, M., Yeaman, B. & Wilson, D. A. Neurophysiology: Good memories of bad events in infancy. Nature 407,
38-39 (2000).

Debiec, J. & Sullivan, R. M. Intergenerational transmission of emotional trauma through amygdala-dependent mother-to-infant
transfer of specific fear. Proc. Natl. Acad. Sci. 111, 12222-12227 (2014).

Sarro, E. C., Wilson, D. A. & Sullivan, R. M. Maternal Regulation of Infant Brain State. Curr. Biol. 24, 1664-1669 (2014).

9, 1004-1006 (2006).

Barr, G. A. et al. Transitions in infant learning are modulated by dopamine within the amygdala. Nat. Neurosci. 12, 1367-1369
(2009).

Harmon, Km. et al. Rats selectively bred for low levels of 50 kHz ultrasonic vocalizations exhibit alterations in early social
motivation. Dev. Psychobiol. 50, 322-331 (2008).

Blazevic, S., Merkler, M., Persic, D. & Hranilovic, D. Chronic postnatal monoamine oxidase inhibition affects affiliative behavior in
rat pupso. Pharmacol. Biochem. Behav. 153, 60-68 (2017).

Kim, H. & Bao, S. Experience-dependent overrepresentation of ultrasonic vocalization frequencies in the rat primary auditory
cortex. J. Neurophysiol. 110, 1087-1096 (2013).

Noirot, E. Ultrasounds and maternal behavior in small rodents. Dev. Psychobiol. 5, 371-387 (1972).

Liu, R. C., Miller, K. D., Merzenich, M. M. & Schreiner, C. E. Acoustic variability and distinguishability among mouse ultrasound
vocalizations. J. Acoust. Soc. Am. 114, 3412-3422 (2003).

Grimsley, J. M., Monaghan, J. ]. & Wenstrup, J. ]. Development of social vocalizations in mice. PloS One 6, €17460 (2011).

Himmler, B. T, Kisko, T. M., Euston, D. R., Kolb, B. & Pellis, S. M. Are 50-kHz calls used as play signals in the playful interactions of
rats? I. Evidence from the timing and context of their use. Behav. Processes 106, 60-66 (2014).

Taylor, J. O., Urbano, C. M. & Cooper, B. G. Differential Patterns of Constant Frequency 50 and 22 kHz USV Production Are Related
to Intensity of Negative Affective State. Behav. Neurosci. (2017).

Brudzynski, S. M. & Fletcher, N. H. Chapter 3.3 - Rat ultrasonic vocalization: short-range communication. in Handbook of
Behavioral Neuroscience (ed. Brudzynski, S. M.) 19, 69-76 (Elsevier, 2010).

Branchi, L, Santucci, D. & Alleva, E. Ultrasonic vocalisation emitted by infant rodents: a tool for assessment of neurobehavioural
development. Behav. Brain Res. 125, 49-56 (2001).

Wohr, M. & Scattoni, M. L. Behavioural methods used in rodent models of autism spectrum disorders: Current standards and new
developments. Behav. Brain Res. 251, 5-17 (2013).

Scattoni, M. L., Gandhy, S. U,, Ricceri, L. & Crawley, J. N. Unusual Repertoire of Vocalizations in the BTBR T +- tf/] Mouse Model of
Autism. PLOS ONE 3, 3067 (2008).

Scattoni, M. L., Crawley, J. & Ricceri, L. Ultrasonic vocalizations: A tool for behavioural phenotyping of mouse models of
neurodevelopmental disorders. Neurosci. Biobehav. Rev. 33, 508-515 (2009).

Kahne, D. et al. Behavioral and magnetic resonance spectroscopic studies in the rat hyperserotonemic model of autism. Physiol.
Behav. 75, 403-410 (2002).

Tyzio, R. et al. Oxytocin-Mediated GABA Inhibition During Delivery Attenuates Autism Pathogenesis in Rodent Offspring. Science
343, 675-679 (2014).

SCIENTIFICREPORTS |7: 13483 | DOI:10.1038/s41598-017-13518-6 11



www.nature.com/scientificreports/

73. Xu, X.-]. et al. Prenatal hyperandrogenic environment induced autistic-like behavior in rat offspring. Physiol. Behav. 138, 13-20
(2015).

74. Simola, N. Rat Ultrasonic Vocalizations and Behavioral Neuropharmacology: From the Screening of Drugs to the Study of Disease.
Curr. Neuropharmacol. 13, 164-179 (2015).

75. Zeskind, P. S. et al. Development of translational methods in spectral analysis of human infant crying and rat pup ultrasonic
vocalizations for early neurobehavioral assessment. Child Adolesc. Psychiatry 2, 56 (2011).

76. Boulanger Bertolus, J. et al. Infant rats can learn time intervals before the maturation of the striatum: evidence from odor fear
conditioning. Front. Behav. Neurosci. 8, 176 (2014).

77. Raineki, C. et al. Functional emergence of the hippocampus in context fear learning in infant rats. Hippocampus 20, 1037-1046
(2010).

78. Roux, S. G. et al. Respiratory cycle as time basis: An improved method for averaging olfactory neural events. J. Neurosci. Methods
152, 173-178 (2006).

79. Takahashi, L. K. Ontogeny of behavioral inhibition induced by unfamiliar adult male conspecifics in preweanling rats. Physiol.
Behav. 52, 493-498 (1992).

80. Blanchard, R. J. & Blanchard, D. C. Crouching as an index of fear. J. Comp. Physiol. Psychol. 67, 370-375 (1969).

81. Riede, T. Rat Ultrasonic Vocalization Shows Features of a Modular Behavior. J. Neurosci. 34, 6874-6878 (2014).

82. Garcia, S. & Fourcaud-Trocmé, N. OpenElectrophy: An Electrophysiological Data- and Analysis-Sharing Framework. Front.
Neuroinformatics 3 (2009).

83. Friard, O. & Gamba, M. BORIS: a free, versatile open-source event-logging software for video/audio coding and live observations.
Methods Ecol. Evol. 7, 1325-1330 (2016).

Acknowledgements

This work was supported by CNRS-PICS program (JBB, AMM, RMS), Partner University Fund Emotion & Time
(JBB, AMM, RMS), LIA CNRS-NYU LearnEmoTime (JBB, MRC, AMM, RMS), NIH-R37HD083217 (RMS).
This work was performed within the framework of the LABEX CORTEX (ANR-11-LABX-0042) of Université
de Lyon, within the program “Investissements d’Avenir” (ANR-11-IDEX-0007) operated by the French National
Research Agency (ANR) (JBB, AMM), the Emotional Brain Institute at Nathan Kline Institute and New York
University School of Medicine Child & Adolescent Psychiatry. The authors gratefully acknowledge Ounsa Ben-
Hellal for taking care of the animals, and Claudia Veralli for her help proofreading this article.

Author Contributions
].B.-B., A.-M.M. and R.M.S. designed the study; J.B.-B. did the experiments; ].B.-B. and A.-M.M. carried out the
analyses and wrote the manuscript; M.R.-C. and R.M.S. commented and edited the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-13518-6.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 13483 | DOI:10.1038/s41598-017-13518-6 12


http://dx.doi.org/10.1038/s41598-017-13518-6
http://creativecommons.org/licenses/by/4.0/

	Understanding pup affective state through ethologically significant ultrasonic vocalization frequency

	Results

	USV in response to the same aversive event vary greatly throughout ontogeny. 
	40-kHz and 66-kHz Infant USV exhibit different relationships with respiration. 
	40-kHz and 66-kHz Infant USV are differentially modulated by rough maternal interactions. 

	Discussion

	Material and Methods

	Animals. 
	Foot-Shock experiment. 
	Experimental setup. 
	Training paradigm. 
	Data acquisition and pre-processing. 
	Data analysis. 
	Shock induced USV. 
	USV Characteristics. 
	USV versus Behavior. 
	USV versus Respiration. 

	Maternal Interaction experiment. 
	Testing paradigm. 

	USV analysis. 
	Behavior analysis. 

	Acknowledgements

	Figure 1 USV as a function of age.
	Figure 2 Link between respiration, behavior and USV.
	﻿Figure 3 USV emitted in naturalistic aversive situation.
	Figure 4 Examples of infant USV emitted in naturalistic situations.




